A method has been developed for the isolation of outer membranes from Acinetobacter sp. strain MJT/F5/199A. Washed cells were broken in a French press and, after deoxyribonuclease and ribonuclease treatment, removal of intact cells, and four washes in 20 mosmol phosphate buffer, pH 7.4, with centrifugation at 25,000 x g for 10 min, preparations of cell wall fragments from which almost all pieces of plasma membrane had been removed resulted. Treatment of the cell walls with lysozyme and further washing, in the presence of 20 mM MgCl2, yielded preparations of outer membranes. Electron microscopy of freeze-etched preparations shows that a regular pattern of subunits is present on the outer surfaces of intact cells. After negative staining, these subunits are visible on isolated walls and outer membranes; they can be removed by brief treatment with papain. In section, the cell wall structure is that typical of gram-negative bacteria, but the subunits are not detectable on the surface of the outer membrane. The outer membrane retains the appearance of a "unit membrane" in the cell wall, isolated outer membrane, and papain-treated outer membrane fractions. Both cell walls and outer membranes contain a high percentage of protein (76 and 84%, respectively) and not more than 5% carbohydrate, of which glucose and galactose are constitutents. The outer membranes of this Acinetobacter thus differ in structure and composition from those of bacteria in the Enterobacteriaceae.
Regular patterns, apparently composed of subunits, have been observed on the surfaces of a wide range of gram-negative and gram-positive bacteria (13) , and a number of recent studies have revealed further instances of their occurrence (e.g., 41, 36) , emphasizing the fact that such patterns are widespread among bacteria. The chemical nature of these patterned layers has been investigated in only a very few bacteria, such as Bacillus polymyxa (15) , B. brevis (C. C. Brinton, J. C. McNary, and J. Camahan, Bacteriol. Proc., p. 48, 1969), and Spirillum serpens (4) , in all of which the subunits composing the pattern consist mainly of protein.
The gram-negative bacterium Acinetobacter sp. strain MJT/F5/199A was chosen for a detailed investigation as it has a regular array of subunits on its surface and its fine structure, as shown by electron micrographs of thin sections and negatively stained preparations, has already been described (38) . This organism is a 'Present address: Institute of Food Technology, University of Agriculture, A-1180 Vienna, Austria. nonmotile coccus or coccoid rod which is oxidase positive by the Kovacs test (21) , and which was originally isolated from poultry. Together with some other oxidase-positive strains studied, it was included in Phenon 4i in the taxonomic survey of Thornley (37) , while some oxidase-negative strains were grouped in Phenons 4ii and 4iii. Because of phenotypic resemblances between the groups, it was suggested that all these groups should be included in the genus Acinetobacter, and the very similar deoxyribonucleic acid (DNA) composition of both oxidase-negative and oxidase-positive groups did not provide any evidence against this idea. Since then, evidence has appeared which emphasizes genetic differences between oxidasepositive and oxidase-negative strains. Johnson et al. (19) found that DNA homologies between a variety of oxidase-negative strains, now classed as Acinetobacter, were high, whereas those between the oxidase-negative strains and representatives of oxidase-positive Moraxella species were negligible. Juni (20) studied the transformation to prototrophy of a competent auxotrophic strain of Acinetobacter and found that oxidase-negative strains with a wide range of phenotypic properties, including six of the poultry isolates of Thornley (37) , were able to transform this strain, whereas various oxidasepositive strains were not. Among the oxidasepositive strains tested, were four isolates of Thornley (37) including the strain studied here, MJT/F5/199A. Juni's results confirm the classification of Thornley's oxidase-negative strains as Acinetobacter. Among those he tested was one (MJT/F5/5) which shows a patterned layer of surface subunits, and therefore this property is not confined to oxidase-positive strains like MJT/F5/199A.
The classification of the oxidase-positive organisms isolated by Thornley (37) needs further study. In view of the genetic evidence just quoted, they may well prove to be closely related to oxidase-positive organisms in the genera Moraxella or Neisseria, and, indeed, their properties agree (apart from the item "parasites of mammals") with those of Moraxella, as redefined by Henriksen and Bovre (17) to include the Neisseria catarrhalis group. However, MJT/F5/199A differs in several properties from both Moraxella osloensis and Moraxella (or Neisseria) catarrhalis, and it is considered that more positive evidence, preferably concerning genetic relationship, is needed before transfer of MJT/F5/199A and similar strains to this genus. The name Acinetobacter is therefore retained at present for convenience, although its use is now generally restricted to oxidase-negative organisms (24) .
A method has been developed for the isolation of outer membranes from Acinetobacter sp. strain MJT/F5/199A as a preliminary to further investigations of the properties of the outer membrane and of the patterned layer, and the isolation procedure is described in the present paper. The separation of outer membranes from plasma membranes in preparations of cell envelopes has been reported for E. coli by Miura and Mizushima (26, 27) and Schnaitman (32) and for Salmonella typhimurium by Osborn et al. (30) , using various methods which all included ethylenediaminetetraacetic acid (EDTA) treatment at some stage in the procedure. This substance is known to extract lipopolysaccharide and other substances from the outer membranes of E. coli (22) . EDTA is not employed in the method of White et al. for E. coli (42) , which consists of breakage of the bacteria in a French press and the separation of envelope fragments by preparative electrophoresis followed by sucrose gradient centrifugation. The method described here for the Acinetobacter was designed to avoid the use of EDTA, and a much simpler procedure than that necessary for E. coli proved adequate for the separation of envelope fractions.
MATERIALS AND METHODS
The bacteria (Acinetobacter sp. strain MJT/F5/199A from the author's culture collection) were grown in Heart Infusion (Difco) broth to which 0.01% CaCl2 was added. Cultures in conical flasks were aerated by shaking at 28 25 ,000 x g for 10 min, and the pellet was washed three more times with the 20 mosmol buffer to give a total of four washes. The preparation then consisted of broken cell walls which retained 8 to 9% of the protein in the suspension of broken cells. The peptidoglycan layer was removed by treating the cell walls with lysozyme at 100 ,g/ml in 0.05 M phosphate buffer (pH 7.4) containing 20 mM MgCl2, for 60 min at 20 C with stirring. The suspension was then centrifuged at 25,000 x g for 15 min, and the pellet was washed twice with 20 mosmol phosphate buffer, pH 7.0, containing 20 mM MgCl2. The final pellet consisted of outer membranes. Little or no protein was removed from the cell walls during the incubation with lysozyme, and not more than 2% of that present immediately after lysozyme treatment was lost in the subsequent washes.
The outer membranes were suspended in 0.1 M phosphate buffer, pH 6.0, containing 0.6 mg of cysteine per ml, and papain (Sigma, twice crystallized) was added so that the ratio of papain to membrane protein was 1:50. After incubation at 37 C for 10 min with shaking, the suspension was chilled and centrifuged at 39,000 x g for 30 min. The pellet was washed twice with 20 mosmol buffer (pH 7.0) containing 20 mM MgCl2, and the resulting preparation was called the "papain-treated outer membranes."
Protein was estimated by the method of Lowry et al. (25) as modified by Campbell and Sargent (5), with bovine serum albumin as the standard. Carbohydrate determinations were made as described by Dubois et al. (8) , with glucose as standard. For THORNLEY, GLAUERT, AND SLEYTR hexosamine estimation, samples were hydrolyzed for 2 h at 105 C in 2 N HCl, and the Elson Morgan method as modified by Boas (3) was used, with glucosamine as standard. Heptose was investigated by a modification (29) of the method of Dische (6) .
Samples for the paper chromatography of sugars were extracted with a chloroform-methanol (2:1, vol/vol) mixture and hydrolyzed as above, or by treating with 72% (wt/wt) H2SO4 at 22 C for 60 min, followed by dilution to 3% (wt/wt) H2SO4 and autoclaving at 120 C for 60 min (31) . In either method, the hydrolysate was neutralized by extraction with N,Ndioctylmethylamine used as a 10% (vol/vol) solution in chloroform (35) . Samples were applied to Whatman no. 1 paper, and descending chromatograms were run in the solvent systems: (i) pyridine-ethyl acetatewater (2:8:1, vol/vol) (18), (ii) butan-1-ol-pyridinewater (2:2:1 vol/vol), (iii) ethyl acetate-acetic acidpyridine-water (5:1:5:3, vol/vol) (10) . Spots were located with aniline phthalate (which also provided an estimate of the quantities of sugars [43] ), silver nitrate-NaOH (39), ninhydrin, or the Elson-Morgan reagent.
Preparations for the electron microscopy of thin sections were fixed in 2.5% glutaraldehyde in 0.09 M cacodylate buffer (pH 7.2) containing 3 mM CaCl2, for 1 h at room temperature, and were then centrifuged. The pellets were washed without resuspension in the cacodylate buffer, overnight at 4 C. They were then post fixed with Zetterqvist Veronal-acetatebuffered osmium tetroxide (12), pH 7.2, for 1 h at 22 C, stained with 0.5% uranyl acetate in Veronalacetate buffer for 1 h at 22 C, dehydrated in ethanol, and embedded in Araldite. Thin sections were cut with glass knives on a LKB Ultrotome Ill or a Cambridge-Huxley ultramicrotome and stained with lead citrate.
For negative staining, grids coated with collodioncarbon films were floated face-downwards on the surface of the preparation to be examined, for about 1 min, and then on a solution of 1 to 2% ammonium molybdate, pH 7.0. When buffer was present in the preparation, it was removed by leaving the grids floating for several minutes on about 5 ml of the negativestaining solution. The grids were dried by touching their edges to filter paper.
Bacteria were centrifuged from the growth medium, and small portions of the pellet were placed on copper disks, quickly frozen by immersion in Freon 22 at -150 C, and then transferred to liquid nitrogen (28 Specimens were examined in an AEI EM6B electron microscope operating at 60 kV with a 50 gm objective aperture.
RESULTS
Electron micrographs of thin sections of intact cells of Acinetobacter strain 199A show that the structure of the cell envelope is that typical of gram-negative bacteria (Fig. 1) . The cytoplasm is bounded by the plasma membrane which appears as a unit membrane in thin sections. Outside the plasma membrane is the cell wall consisting of a dense layer which has been shown to correspond to the rigid, peptidoglycan-containing layer of the cell wall (38) , and the outer membrane which also has the appearance of a unit membrane. Some lightly stained material is visible in the intermediate zone between the dense layer and the outer membrane and is thought to correspond to the wrinkled material visible in negatively-stained preparations of intact cells and isolated cell walls (38) . The regular pattern of subunits on the outer surface of the bacterium is not visible in thin sections.
In electron micrographs of replicas of freezeetched cells (Fig. 2) , it is observed that fracture has taken place within the plasma membrane, revealing the convex face adjacent to the cytoplasm which carries irregularly arranged particles. This appearance is typical of bacterial plasma membranes in freeze-etched preparations (34) .
Outside the plasma membrane, the fractured edge of the cell wall gives some indication of constituent layers, and the outer surface of the cell, revealed by etching, shows the regularly pattemed layer (Fig. 2, arrow) . As the etched surface is curved, the angle between the plane of the surface and the direction of shadowing varies, and consequently the pattern is clearly seen only on certain parts of the surface. The pattern often appears linear in regions where the direction of shadowing is at right angles to the rows of subunits. In other areas, the subunits are seen to be arranged in an approximately rectangular array, and the individual subunits are clearly seen at higher magnifications (Fig.  3) .
When testing various procedures for the separation of fragments of the cell envelope, negative staining was useful as it clearly showed the differences between the outer membrane and the plasma membrane. Figure 4 illustrates a preparation of cells which were broken in the French press, immediately treated with lysozyme, and then washed twice with dilute phosphate buffer. Two fragments are visible, one showing the pattern of subunits in rows, which is characteristic of the outer membrane, and enclosing the other, which has randomly scattered particles and ring-shaped units and is similar to the plasma membranes of gram-positive bacteria (2, 9) .
The routine preparation method finally adopted, consisting of breakage in the French press, treatment with deoxyribonuclease and ribonuclease, removal of intact cells, and sedimentation at 25 ,000 x g for 10 min, results in a preparation containing fragments of cell wall of various sizes, together with pieces of plasma membrane, which are often in the form of small vesicles and appear detached from the cell wall (Fig. 5, plasma membrane) ; cytoplasmic debris is also present.
Four washes with dilute phosphate buffer removed all the cytoplasmic material and all but a few fragments of plasma membrane (Fig.  6 ), leaving clean cell walls with the dense layer and the outer membrane still firmly attached to each other (Fig. 7) . In negatively stained preparations (Fig. 8a, b, and c) (Fig. 8c) . It has been shown by optical diffraction techniques (14) that the angle between the rows of subunits is in fact about 80°, while the spacing between the rows is about 6 nm in one direction and about 8 nm in the other direction. Further details of the structure of the regular array will be the subject of a subsequent publication.
Electron micrographs of thin sections of preparations obtained by treating washed cell walls with lysozyme show that the dense layer of the cell wall has been removed, leaving only the outer membrane, which still appears as a unit membrane (Fig. 9) , and some adherent amorphous material. The regular array of subunits is still present and is even more clearly visible in negatively stained preparations of outer membranes (Fig. 10 ) than of washed cell walls (Fig.  8a) . On the average, fragments of outer membrane appear to be somewhat smaller than the fragments of cell wall and to have more rounded contours. An extensive search for fragments of the plasma membrane in negatively stained preparations indicated that very few were present and that the suspension consisted of an almost pure preparation of outer membranes.
After papain treatment, the membranes still retain the unit membrane structure in thin sections (Fig. 11) , but an examination of negatively stained preparations shows that the array of subunits has disappeared and that the membranes have broken down into small, smoothsurfaced vesicles (Fig. 12) . Frequently one or more smaller vesicles appear to be enclosed within a larger one. Some details of the composition of the various fractions isolated by the routine method are given in Table 1 . Both cell walls and outer membranes contain a high percentage of protein (76 and 84%, respectively) and 3 to 5% of carbohydrate. Amino sugars, including muramic acid, are present as 3.2% of the cell wall, reflecting the presence of the peptidoglycan layer, but, after removal of this layer by lysozyme, amino-sugars constitute less than 2% of both the outer membrane and the papaintreated outer membrane preparations.
Heptose was not detectable in the cell wall preparation. Hydrolysates of cell wall, outer membrane, and papain-treated outer membrane, studied by paper chromatography, did not contain pentoses, deoxyhexoses, or uronic acids. Glucose and galactose were present in nearly equal quantities, with slightly greater amounts of glucose, in all three preparations.
DISCUSSION
Acinetobacter sp. strain MJT/F5/199A has proved to be a particularly suitable organism for the development of methods for the separation of different layers of the cell envelope of a gram-negative bacterium, since the outer membrane and the plasma membrane are easily distinguished from each other by their characteristic appearances in electron micrographs of negatively stained preparations. The removal of the plasma membrane from suspensions of cell envelopes, leaving clean cell walls, has proved to be a much simpler process than that devised for E. coli by Schnaitman (32) . During breakage of intact cells of the Acinetobacter in a French press, the plasma membrane fragments into small pieces, and these do not appear to remain firmly attached to the cell wall ( Fig. 5 and 6 ). In contrast, Schnaitman (33) found that, in his preparations derived from envelopes of E. coli, the fraction enriched in cell wall retained some contamination with plasma membrane material which could not be removed by repeated gradient centrifugation. This persistence was believed to be due to regions of firm adhesion between plasma membrane and wall fragments (Fig. 1 of reference 33) . The difference between our observations on the Acinetobacter and Schnaitman's on E. coli is presumed to reflect differences in the mode of attachment of the various layers of the cell envelope in the two organisms.
Outer membranes have been prepared from the isolated fragments of the cell wall of the Acinetobacter by treatment with lysozyme only. The use of EDTA has not been necessary at any stage in the preparation, and this is considered to be an important feature of the method. Since (22), many effects of EDTA on the outer layers of gram-negative bacteria have been described; they include the extraction of large amounts of lipopolysaccharide and other components from such diverse organisms as Escherichia (22, 23) , Pseudomonas (16) , and Haemophilus (40) , and the selective removal of certain proteins from Spirillum (11) . It follows, therefore, that the outer membranes from any gram-negative bacterium are more likely to remain unaltered in composition during isolation if the use of EDTA is avoided.
The most striking feature of the chemical composition of cell wall and outer membrane preparations is their high protein content (Table 1 ). This was also demonstrated by the amino acid analysis of cell walls (38) , which contained 77% of their dry weight in the form of amino acids, including those derived from the peptidoglycan. If the patterned layer proves to consist mainly of protein, as in Spirillum serpens (4) and two species of Bacillus (15; C. C. Brinton et al., Bacteriol. Proc., p. 48, 1969), it may account for a considerable part of this protein.
The fact that the carbohydrate content is greatest in the papain-treated outer membranes (Table 1) , while the ratio of glucose to galactose is about the same in all three preparations, suggests that a large part of the carbohydrate is located in the unit membrane structure which remains after papain treatment. This would be expected for any carbohydrate which forms part of the lipopolysaccharide since this substance is known to be located in this position in the wall of gram-negative bacteria.
The lipopolysaccharide of Acinetobacter strain 199A is evidently lacking in deoxyhexoses, pentoses, or heptose, since none were found in the cell walls or fractions derived from them; in this respect, it resembles the lipopolysaccharides of the two strains of Moraxella duplex and Acinetobacter (Micrococcus) calcoaceticus studied by Adams et al. (1) . The lipopolysaccharides from both these organisms contain glucose and galactose, and in A. calcoaceticus, a trace of mannose also, as the only sugars present. Thus, as far as data for cell wall preparations can be compared with those for extracted lipopolysaccharide, the Acinetobacter strain shows resemblences in sugar composition with A. calco-aceticus and Moraxella duplex. These are both organisms to which it shows taxonomic similarities also (37) .
Observations by electron microscopy have shown that the regular array of subunits of Acinetobacter strain MJT/F5/199A is on the outer surface of the cell and that it is firmly associated with the outer membrane, since both may be isolated together. The regular pattern of the Acinetobacter thus appears to be in the same position as that of Spirillum serpens (4), which is also on the surface of the outer membrane, but the hexagonally-patterned layer of the Spirillum differs in being detectable in thin sections and also in the size, shape, and arrangement of its subunits. The patterned layer of the Acinetobacter seems most similar in the arrangement of its subunits to the W3 layer of Nitrosocystis oceanus (41) and possibly also to a surface layer of Thiocapsa floridana (36) , where tetragonally arranged subunits appear to be associated with the outer membrane. However, the detailed structure seen by negative staining appears rather different (Fig. 13 of reference  41) .
Recently it has been discovered that the array of subunits can be removed from the cell walls of the Acinetobacter by ultrasonic and other treatments and that the subunits have the ability to resemble in vitro into arrays with the same dimensions as those on the surface of the cell wall (14) . Similar observations were made by Brinton, McNary, and Carnahan (Bacteriol. Proc., p. 48, 1969) who found that the protein subunits isolated from the surface of the cell wall of Bacillus brevis will assemble in vitro to form a square network with an appearance in electron micrographs identical to that on the cell surface. An investigation of the conditions for release and re-assembly of the subunits from Acinetobacter strain MJT/F5/199A is in progress and, in combination with chemical and functional studies of isolated membranes, will contribute to the understanding of the biological role of the outer membranes of gram-negative bacteria and of the regular arrays of subunits which they may carry. , At a folded edge of the cell wall, the subunits are seen to project outwards and they are regularly spaced at center-to-center distances of about 6 nm. c, The center-to-center spacing of the projecting subunits is about 8 nm at another folded edge of an isolated cell wall.
FIG. 9 . Thin section of a preparation of outer membranes. The dense layer of the cell wall has been removed by lysozyme treatment leaving the outer membrane which retains its unit membrane structure (arrow).
FIG. 10 . The regular array of subunits is still present in a negatively stained preparation of isolated outer membranes, and the subunits are clearly visible at the edges of the fragments of membrane where they project out from the surface. 'j., , "-e.
. X. 11 . After papain treatment the outer membranes still retain the unit membrane structure in thin sections, but the fragments of membrane are smaller than before papain treatment (compare with Fig. 9 ).
FIG. 12 . A negatively stained preparation of papain-treated outer membranes shows that the array of subunits has been removed from the surfaces of the membranes. 
